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2 Lee et al.
We have investigated an M1.3 limb flare, which develops as a magnetic loop/arch
that fans out from an X-ray jet. Using Hinode/EIS, we found that the temperature
increases with height to a value of over 107 K at the loop-top during the flare. The
measured Doppler velocity (redshifts of 100−500 km s−1) and the non-thermal veloc-
ity (≥100 km s−1) from Fe XXIV also increase with loop height. The electron density
increases from 0.3 × 109 cm−3 early in the flare rise to 1.3 × 109 cm−3 after the flare
peak. The 3-D structure of the loop derived with STEREO/EUVI indicates that the
strong redshift in the loop-top region is due to upflowing plasma originating from the
jet. Both hard X-ray and soft X-ray emission from RHESSI were only seen as footpoint
brightenings during the impulsive phase of the flare, then, soft X-ray emission moves to
the loop-top in the decay phase. Based on the temperature and density measurements
and theoretical cooling models, the temperature evolution of the flare arch is consis-
tent with impulsive heating during the jet eruption followed by conductive cooling via
evaporation and minor prolonged heating in the top of the fan loop. Investigating the
magnetic field topology and squashing factor map from SDO/HMI, we conclude that
the observed magnetic-fan flaring arch is mostly heated from low atmospheric recon-
nection accompanying the jet ejection, instead of from reconnection above the arch as
expected in the standard flare model.
Keywords: Sun: activity — Sun: corona — Sun: flares — Sun: UV radiation —
techniques: imaging spectroscopy
1. INTRODUCTION
Solar flares release explosive energy that results in immense instantaneous heating of the plasma in
the solar atmosphere. The standard solar flare model (CSHKP; Carmichael (1964); Sturrock (1968);
Hirayama (1974); Kopp & Pneuman (1976)) proposes that magnetic reconnection occurs at coronal
heights, and the subsequently released magnetic energy is transported to the lower atmospheric layers
by several mechanisms, such as thermal conduction or non-thermal particles. Previous observations
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from soft X-ray (SXR) and hard X-ray (HXR) imagers and spectrographs, such as the Yohkoh/Soft X-
ray Telescope (SXT, Tsuneta et al. (1991)) and the Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI, Lin et al. (2002)), reported cusp-shaped, hot loop-top regions (∼10 MK). The
associated strong non-thermal emission provides indirect evidence of magnetic reconnection and
particle acceleration occuring near the loop-top region (Masuda et al. 1994; Sui & Holman 2003;
Krucker et al. 2008; Narukage et al. 2014b). Sui & Holman (2003), Sui et al. (2004), and Krucker et al.
(2008) demonstrated the height variation of the HXR emitting region during flares and suggested that
the HXR emission from the loop-top region implied reconnection in the corona. Aschwanden et al.
(1996) studied HXR emissions at different energies using the time-of-flight (TOF) method, which
calculates the timing relationship with loop distance and estimates the electron acceleration location
above the flaring loops. Narukage et al. (2014b) presented a direct imaging observation of a hot,
non-thermal loop-top source using Yohkoh and the Nobeyama Radioheliograph (NoRH, Nakajima
et al. (1994)), again suggesting that the reconnection point could be above the flare loop-top with
electrons being accelerated near that region. Radio observations combined with extreme-ultraviolet
(EUV) imaging from the Solar Dynamics Observatory (SDO)/Atmospheric Imaging Assembly (AIA,
Lemen et al. (2012)) also reported that the hot loop-top and overlying regions are associated with
coronal reconnection (Chen et al. 2015; Petrosian 2018; Gary et al. 2018). The combination of
these observations strongly suggest that hot loop-top sources (often having a cusp or candle flame
morphology) and associated overlying structures are important for understanding the energy release
process during a standard flare.
Solar flares are often associated with coronal mass ejections (CMEs) (Zhang et al. 2001, 2004; Cheng
et al. 2010). But, not all flares are associated with CMEs (Yashiro et al. 2005). Depending on the
existence of CMEs, flares divided into the eruptive and confined flares (Svestka & Cliver 1992; Wang
& Zhang 2007). The characteristics of eruptive flares have been well described by the standard flare
model. The characteristics of confined flares are studied by comparison of the physical parameters
between the eruptive and confined flares (Falconer et al. 2006; Kliem & To¨ro¨k 2006; Cheng et al.
2011; Chen et al. 2015; Harra et al. 2016; Zhang et al. 2017; Li et al. 2019). Those studies suggest
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that the magnetic configuration, such as overlying field strength, decay index, and non-potentiality
of an active region core, could be a determining factor of a confined flare.
On the other hand, flares produced by low (below the cusp) atmospheric reconnection have been
reported using observations of X-ray jets, EUV jets, and Hα surges (Hanaoka 1997; Ohyama et al.
1997; Shibata 1998; Moore & Sterling 2007; Bain & Fletcher 2009; Zhang & Ji 2014; Panesar et al.
2016a; Sterling et al. 2017). Recent multi-wavelength observations with higher spatial and tempo-
ral resolution reported a series of mini-filament eruptions and blowout-jets producing eruptive and
confined flares (Shen et al. 2012; Wang & Liu 2012; Li et al. 2015; Lim et al. 2016; Panesar et al.
2016b; Hong et al. 2017; Panesar et al. 2018; Li et al. 2018a; Shen et al. 2019). Some of the flares
were ejective due to secondary reconnection between the blowout jet eruption (or mini-filament) and
overlying coronal field (Moore & Sterling 2007; Panesar et al. 2016a; Sterling et al. 2017). Others
were confined by the strong overlying fields and observed as the X-ray flaring arches/loops with Hα
surges or strong footpoint brightenings (Tang & Moore 1982; Martin & Svestka 1988; Svestka et al.
1989; Fontenla et al. 1991; Hanaoka 1997; Moore et al. 1999; Li et al. 2018a). Those flaring arches
are also associated with remote brightenings at the other footpoint, energized by the accelerated elec-
trons and X-ray plasma traversing along the arch. Combining with the magnetic field extrapolation,
Wang & Liu (2012) and Shen et al. (2019) showed that the flares with the remote brightenings have
magnetic fan-spine structures. Ergo, the magnetic field configuration could also be the determining
factor between an ejective or confined eruption in flares driven by low atmospheric reconnection.
Quantitative measures of flare plasma properties and their dynamics is important for understanding
the differentiating characteristics between these two types of flares (i.e., confined versus ejective).
EUV spectroscopic observations provide relevant and necessary diagnostic tools. Temperature and
density variations in flares have been investigated using sensitive spectral line ratios or DEM analysis
(Doschek 1999; McTiernan et al. 1999; Hara et al. 2011; Sun et al. 2014; Polito et al. 2016a; Warren
et al. 2018). Flare plasma dynamics, such as the energy dissipation process and its response, are
also traceable through the Doppler velocities derived from EUV spectral analysis. For example,
spectroscopic observations have been used to study the inflow and outflow components of magnetic
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reconnection (Wang et al. 2007; Hara et al. 2006, 2011; Tian et al. 2014), as well as evaporative flows
caused by energy dissipation in the low atmosphere (Brosius 2003, 2009, 2013; Hara et al. 2008, 2011;
Milligan & Dennis 2009; Tian et al. 2015; Polito et al. 2015, 2016b; Lee et al. 2017). Also, turbulent
motions in flare plasma have been identified by the non-thermal motions that are measured by the
excess of the line width (Hara et al. 2006; Doschek et al. 2014; Jeffrey et al. 2016).
Since the launch of the Hinode/EUV Imaging Spectrometer (EIS, Culhane et al. (2007)), which
provides high spatial and spectral resolution across a wide temperature range, it is possible to resolve
plasma properties in flare structures. For example, a comprehensive study of a flare observed on the
solar disk was performed using EIS observations by Hara et al. (2011). Figure 11 therein presents the
flare structure with temperature and density distribution as well as flows (evaporation, reconnection
inflow, and outflow) traced by the Doppler velocity of the different temperature lines. The study
provides observational results of flare plasma properties and dynamic structures for a standard flare,
but the disk observation made it difficult to distinguish the loop-top region and to explore the
height distribution of flare plasma properties due to the superposition of plasma along the line of
sight through the solar atmosphere. The height (spatial) distribution of the plasma properties, such
as temperature, density, and flow velocities are critical parameters for understanding the energy
transport process in the solar atmosphere.
Therefore, spectral observations of limb flares are needed to investigate the flare plasma properties
with height distribution, even though the emission includes the superposition of several different loop
structures along the line of sight. So far, however, there are few suitable spectroscopic observations
of limb flares due to the difficulty of predicting nominal slit placement a priori (Hara et al. 2006;
Doschek et al. 2014). Recently, Warren et al. (2018) and Doschek et al. (2018) analyzed an eruptive
X8.3 flare at the west limb, which includes a plasma sheet (indicative of the presence therein of
a current sheet) above the post flare loop system. They measured the temperature, non-thermal
velocity, and abundances of the loop and plasma sheet using EIS spectral measurements. To build
upon these studies, additional spectroscopic observations and analysis of limb flares are necessary to
map the height distribution of plasma properties and dynamics along flaring loops.
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We note that there is still a limitation of the limb observations, namely, that the structures are
projected onto the plane of the sky. The measured Doppler velocity (line of sight velocity) is an
average along the line of sight, and the direction of the flows depends on loop tilt angle. Therefore,
to understand the configuration and the velocity structure of the flaring loop, we need to know the
3-D configuration of the loop. The Solar TErrestrial RElations Observatory (STEREO, Kaiser et al.
(2008)), which consists of two spacecraft, provides at least one additional vantage point. Combining
AIA and STEREO observations, we are able to construct the 3-D flare loop. Similarly, Imada et al.
(2013) investigated hot plasma motion using Hinode/EIS Doppler velocity measurements of high
temperature lines at the limb combined with context observations from STEREO’s EUV Imager
(EUVI) to find the hot flows near the loop-top regions.
To confirm the possibility that magnetic reconnection produces the flare, we also need to inspect
the magnetic field topology in the corona. Typically, due to the lack of direct measurements in the
corona, the coronal magnetic fields are extrapolated from photospheric vector magnetograms. It
is well-known that the photosphere has a non-zero Lorentz force (Gary 2001), which needs to be
accounted for during the extrapolations. Within the framework of force-free extrapolations, a ‘pre-
processing’ of the photospheric data is often performed to minimize the Lorentz force in the vector
magnetograms and provide a boundary that is compatible with the force-free condition (Wiegelmann
et al. 2006). An alternative technique, used in this paper, is based on the use of non-force-free-fields
(NFFFs), which are described by the double-curl Beltrami equation for the magnetic field B (Hu
& Dasgupta 2008). The numerical method for the non-force-free extrapolation for coronal magnetic
fields are described in Hu et al. (2008, 2010). Such extrapolations have been recently applied to
model initial fields for flares and jets (Prasad et al. 2018; Mitra et al. 2018).
In the present study, we investigate a limb flare (SOL2014-01-13T21:51M1.3) exhibiting both char-
acteristics of the standard flare (hot apparent cusp) and confined flare (flaring arch footpoint bright-
ening but lacking CME). Hernandez-Perez et al. (2019) recently reported complementary observations
of this flare using RHESSI and SDO/AIA. We have comprehensively studied this flare using multi-
wavelength imaging, spectroscopic and stereoscopic analysis, and magnetic field extrapolation. In
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particular, we estimate the plasma properties quantitatively using EUV spectroscopy and construct
the 3-D configuration of the flare loop. Comparing these results with flare-loop plasma cooling mod-
els, we confirm that this flare is an example of the flaring arch (Tang & Moore 1982; Martin & Svestka
1988; Svestka et al. 1989; Fontenla et al. 1991; Hanaoka 1997; Moore et al. 1999; Li et al. 2018a).
The arch is mostly heated via low atmospheric reconnection, which is in contrast to the standard
flare model energised by higher (i.e., supra-arcade) coronal reconnection.
We present the flare observations from each instrument in Section 2 and the observed parameters
from imaging, spectroscopic, stereoscopic analysis, and magnetic topology in Section 3. We discuss
the implication of the observed parameters in Section 4. A summary is given in Section 5.
2. OBSERVATIONAL DATA
The M1.3 flaring event that occurred on 2014 January 13 was observed by multiple instruments,
allowing us to examine its plasma properties and 3-D configuration in detail. SDO/AIA provides
images of the full solar disk in seven EUV passbands (log (T ) = 3.7−7.2 K) at a high time cadence
of 12 s and a spatial resolution of 1.2′′. The Hinode/X-ray Telescope (XRT, Golub et al. (2007))
captures higher temperature images (log (T ) = 6.2−7.5 K) with a cadence of 20−120 s and a spatial
resolution of < 2.5′′. The highest temperature imaging is supplied by RHESSI in SXR (12−20 keV)
and HXR (20−50 keV) emission. We applied the “Clean” method with 300 iterations and a temporal
resolution of 5 minutes to increase the signal to noise ratio. The spatial resolution of RHESSI image
is about 2′′.
Hinode/EIS spectroscopically captured this limb flare with the study FlareResponse01, which is
a flare trigger study. This study ran from 21:50:44 to 22:44:12 UT consisting of 6 rasters, starting
when the ‘hunter’ study using the He II emission detected strong intensity over the threshold. It is
designed for observing flares using a moderate-cadence raster scan and large wavelength coverage.
For that purpose, the 2′′ slit scans 80 positions with sparse 3′′ steps between them with a total field
of view (FOV) of 239′′×304′′. The exposure time at each position is 5 seconds, and each raster scan
takes about 9 minutes. The study has 15 spectral windows covering the temperature range from
log (T ) = 4.9−7.2 K (Table 1). The hot plasma lines of Fe XXIV, Fe XXIII, and Ca XVII, included
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Table 1. List of the spectral windows in the EIS flare study of
FlareResponse01.
Line ID (A˚) log Tmax (K)
O IV 279.93 5.2
O V 248.46 5.4
Si VII 275.36 5.8
Fe XI 188.22 6.2
Fe XII 186.89 6.2
Fe XV 284.16 6.4
S XIII 256.69 6.5
Ca XIV 193.87 6.7
Ca XV 181.90 6.7
Ca XV 200.97 6.7
Ca XVII 192.85 6.8
Fe XVI 262.98 6.8
Fe XXII 253.17 7.1
Fe XXIII 263.77 7.2
Fe XXIV 255.11 7.2
Note—The peak formation temperature of the spectral lines are taken from
Chianti version 7.0 (Dere et al. 1997; Landi et al. 2012).
in the wavelength window, are particularly useful for determining the flaring temperature plasma.
The spectral resolution of EIS is about 0.022 A˚. We use these measurements to investigate the flare
plasma dynamics as well as the temperature and density distribution with height, which provides
detailed quantitative plasma properties of the arch system.
We also utilize the SECCHI/EUVI telescope on STEREO-A to reconstruct the 3-D structure of the
flare loop. SECCHI/EUVI provides 195 and 304 A˚ images of this flare from a different perspective.
At the time of the observations, the separation angle between STEREO-A and Earth is about 130◦,
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therefore, STEREO-A observes the flare near the limb from the opposite direction. This large
separation angle allows us to extrapolate the 3-D path of the loop structure above the limb. The
STEREO images have a spatial resolution of 3.2′′ and a cadence of 2.5 minutes.
In addition, we compared the observed coronal structure with the magnetic topology derived using
vector magnetograms from SDO/HMI. The flare occurred at the west limb, so the vector magnetic
field at the flaring time is not available. Instead, we use HMI vector magnetograms from January
11 at 23:00 UT, three days before the flare. The temporal and spatial resolution of the HMI vector
magnetograms is about 12 minutes and 1′′, respectively.
3. ANALYSIS AND RESULTS
3.1. Overview of the M1.3 flare on 2014 January 13
We have investigated an M1.3 flare that occurred on 2014 January 13 near the solar limb. Figure 1
shows the GOES SXR (0.5−4 A˚ and 1−8 A˚) light curves, the flux derivative, and the RHESSI hard
(30−100 keV) and soft (12−25 keV) X-ray light curves of the flare event. The M-class flare started
around 21:48 UT and peaked at 21:51 UT. The flare emission rapidly decayed to half its peak flux
by about 21:53 UT, which shows that the flare heating was impulsive.
Figure 2 (and its associated animation) shows context images of the flare obtained by SDO/AIA
at 21:53 UT. The AIA intensity images in different channels (i.e., 1600, 304, 211, 94, 131, and 193 A˚)
exhibit variable temperature-dependent plasma behavior. Their peak temperature responses are
given in Table 2 (Lemen et al. 2012; O’Dwyer et al. 2010). The AIA 193 A˚ channel has temperature
response peaks in both 1.5−2 MK and 17−20 MK ranges. Due to the bright background emission
from 1.5−2 MK plasma, it is difficult to distinguish the enhancement of hot temperature (17−20 MK)
emission in the 193 A˚ intensity images. Therefore, for the AIA 193 A˚ channel, we display the running
difference image (panel (f)) in order to expose the increased emission at the cusp.
For comparison, the running difference image of the AIA 211 A˚ channel (response peak of ∼2 MK)
is shown in panel (c). The hot cusp is not observed in the 211 A˚ difference image, which confirms
that the enhancement of the emission at the flaring arch/cusp region in 193 A˚ does not come from
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Figure 1. (a) GOES SXR light curves of the M1.3 flare on 2014 January 13 21:48 UT and (b) the time
derivative of the SXR flux. (c) The temperature calculated from the GOES flux ratio with coronal abundance.
(d) The RHESSI count rates for the different energy bands. The vertical dashed lines indicate the flare start,
peak, and end time of this flare in the GOES X-ray flare list.
1−2 MK plasma. The AIA multi-channel images and the corresponding movie depict (1) an apparent
flare brightening at the lower eastern footpoint region at the flare start time (21:48 UT), and (2) a
cool jet ejected in the AIA 1600 and 304 A˚ channels near the flare peak time (∼21:51 UT). After the
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Figure 2. Context SDO/AIA images for the M1.3 class flare on 2014 January 13 in different channels.
Intensity scale is reversed in panels (a), (b), (d) and (e). Panels (c) and (f) show running difference images.
The red boxes correspond to the locations for the light curves in Figure 5. An animation of this figure is
available. The locations for the light curves are marked with the blue boxes in panel (b) in the animation.
The video begins after 21:40 UT and ends ater 22:20 UT. The realtime duration of the video is 18 seconds.
jet ejection, hot plasma along the loop expands upward and develops a flaring arch/cusp in the 94,
131, and 193 A˚ channels as the brief flare begins to decay (∼21:53 UT).
Figure 3 shows the aligned intensity images of SDO/AIA and Hinode/EIS. The top panels (a−e)
are the AIA intensity images in different channels (i.e., 193, 304, 171, 94, and 131 A˚) with same FOV
of the Hinode/EIS raster at the flare peak time (21:51 UT). The middle row displays the pseudo raster
image using the AIA 131 A˚ channel images observed at the nearest time of the Hinode/EIS raster
scan for comparison (panels f−j). The bottom panels (k−o) show the Hinode/EIS total intensity
image for the Ca XVII 192.85 A˚ wavelength window, which includes Fe XI, XII, XIV, XXIV, O V,
and Ca XVII emission. The marked timings indicate the start time of the raster scan. The intensity
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T
Figure 3. Aligned intensity images of SDO/AIA and Hinode/EIS 192 A˚ for the M1.3 class flare on 2014
January 13. (a)-(e): AIA 193, 304, 171, 94, and 131 A˚ channel images taken near the flare start time (∼
21:51 UT). The white box in panel (a) indicates the FOV of EIS scan raster. (f)-(j): Pseudo raster scan
AIA 131 A˚ images taken at each EIS scan slit time. The EIS 192 A˚ intensity contour is overlaid in panel
(g). (k)-(o): EIS 192 A˚ total intensity images during the flare. The red dashed lines in panels (a) and (e)
correspond to the slit location for the time-distance diagrams in Figure 6.
contour of the EIS Ca XVII 192.85 A˚ emission is overlaid onto the AIA 131 A˚ image in the middle
row (panel g).
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Table 2. Intensity peak times of the flare plasma in the different instruments and wavelength channels,
time delays relative to the flare peak time from GOES, and the peak response temperature for each
channel.
Instrument Observeda Peak responseb Peak time [UT]
Wavelength spectra temperature [MK] (Time delay [s])
Region C Region D
GOES 0.5−4 A˚ (1.0−8 A˚) · · · 19.9 21:50:57 (0) 21:50:57 (0)
XRT Be Thick · · · 12.6 21:53:18 (141) 21:53:18 (141)
AIA 193 Fe XXIV (Fe XII) 17.8 (1.6) 21:53:54 (177) 21:56:42 (345)
AIA 131 Fe XXI (Fe VIII) 11.2 (0.5) 21:59:56 (539) 22:12:56 (1319)
AIA 94 Fe XVIII (Fe X) 7.1 (1.1) 22:19:01 (1655) 22:37:25 (2788)
AIA 335 Fe XVI (Mg VIII) 2.8 (0.79) · · · · · ·
AIA 211 Fe XIV 2 · · · · · ·
AIA 171 Fe IX 0.8 · · · · · ·
AIA 304 He II 0.08 · · · · · ·
Note—The intensity peak times from the XRT and AIA channels determined from the flare loop and
cusp regions (labels C and D in Figure 5).
aThe dominant spectral lines for the AIA channels (O’Dwyer et al. 2010; Lemen et al. 2012). The AIA
193, 131, 94, and 335 A˚ passbands have two peaks in hot and cool temperatures. We assume that the
emission comes from the hot temperature lines during the flare. Cool temperature lines are given in
parenthesis.
bThe temperature for GOES is determined from the GOES short and long emission ratio. XRT peak
response temperature is referred from Narukage et al. (2014a) and O’Dwyer et al. (2014).
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Figure 4. Reverse scale Hinode/XRT Be thin filter images before (a: ∼19:33 UT) and after the flare peak
(f: ∼22:09 UT) with HXR (green dashed: 20−50 keV) and SXR (blue: 12−20 keV) contours overlaid from
RHESSI cleaned images covering 21:45, 21:50, and 21:55 UT. The white box and contours in panel (f)
correspond to the Hinode/EIS FOV and 192 A˚ intensity contours, respectively.
Figure 4 shows the Hinode/XRT Be thin images before (∼19:33 UT) and after (∼22:09 UT) the
flare peak at higher temperatures. Panels (d) and (e) show the XRT intensity images with the cleaned
RHESSI HXR and SXR intensity contours (50, 60, 70, 80, and 90%) overlaid. The colored contours
indicate HXR (20-50 keV: orange and purple) and SXR (12-20 keV: green and blue) emission observed
by RHESSI at the closest time to the XRT images, respectively.
The XRT images reveal that the hot plasma fan loop/arch already exists before the flare onset
(Figure 4, a−c). At the GOES flare start time (∼21:48 UT), a strong footpoint brightening was
also detected in the XRT images, and the cusp shape loop structure intensity enhanced with time.
The temporal behavior in the HXR (20−50 keV) and SXR (12−20 keV) emission is supplied by the
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RHESSI observations (the contours in the (d) and (e) panels). The HXR emission only appears
early in the event between 21:45 and 21:54 UT near the footpoint brightening, and the SXR emission
moves from the footpoint to the loop top region from 21:50 to 21:59 UT.
3.2. Imaging analysis
Using the multi-wavelength imaging observations from EUV to X-ray, we have investigated the
temporal behavior of the plasma in the flaring fan loop at different temperatures. Figure 5 shows 7
EUV and 3 SXR light curves from the footpoint region (F) and along the flaring loop (B−E). The light
curve from the region A shows the active region emission near the flare as a reference point. From top
to bottom, we plotted the light curves in descending temperature order. As previously discussed, the
response of the AIA 193 A˚ channel is double-peaked at log T ∼1.5−2 MK and ∼17−20 MK (Lemen
et al. 2012). Since the EIS measurements conclude that the loop-top is dominated by hot Fe XXIV
emission, we assume that the prevailing AIA 193 A˚ channel peak response temperature is ∼18 MK
in the cusp region.
The relatively cooler coronal emission (304, 171, 211, and 335 A˚) is only observed at the flaring
footpoint (region F) with a sharp peak at the start time of the flare. Meanwhile, the flaring tempera-
ture plasma of XRT and AIA 193, 131, and 94 A˚ emission, along the flaring loop/arch (region B−E)
persists for a longer duration. The peaks in the AIA 304 A˚ light curve from the region C−E are due
to the saturation pattern of the flaring footpoint brightening. Considering the temperature responses
of AIA and XRT, the light curves show that the intensity peak of the loop top region has a time
shift from the higher to lower temperature channels (i.e., XRT Be thick to AIA 94 A˚) in descending
temperature order. The time shift of the intensity peak is interpreted as the cooling of the plasma
with height in the loop (Viall & Klimchuk 2012; Ryan et al. 2013; Thiemann et al. 2017).
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Figure 5. Light curves in 7 AIA EUV channels and 3 XRT SXR filters at different locations along the
loop. These locations (A−F) are marked with red boxes in Figure 2. The vertical dashed lines indicate the
observing time of AIA images in Figure 2.
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Flows are also detected as intensity peaks traveling along the arch system. Figure 6 depicts the
time-distance diagrams illustrating these flows in the AIA 304, 94, and 131 A˚ passbands. In the AIA
304 A˚ channel, a cool jet structure is ejected at 21:48 UT (the flare start time), and its projected
velocity on the plane of the sky is ∼250 km s−1. Then, the plasma descends with a velocity of
∼65−75 km s−1. Panesar et al. (2016a) reported active region jet ejections with flares using AIA
304 and found that their speeds ranged 110−400 km s−1, which is consistent with this jet speed.
The 131 A˚ diagram displays that expansion of coronal plasma outwards after the jet ejection with a
velocity of ∼700 km s−1, and then the emission is sustained about an hour locally. The 94 A˚ intensity
also shows an enhancement at different loop locations, but this emission does not appear to increase
at the ejection site. These observations suggest that the cooling time varies spatially along the fan
loop.
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304
94
131
Figure 6. Time-distance diagrams from a virtual slit along the loop direction (dashed line in Figure 3 (e))
for the AIA 131, 94, and 304 A˚ channels. The white dashed lines tracing the flows are used for the velocity
calculation. The measured velocities are listed beside the each of lines.
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3.3. Spectroscopy
3.3.1. Line identification
To obtain the intensity, Doppler velocity, and line width of the limb flare, we fitted the spectral
lines that are listed in Table 1 using single and multiple Gaussians. Figures 7 and 9 show examples
of the intensity images from selected EIS spectral scans (start times of 21:50:44 and 21:59:39 UT,
respectively). Figures 8 and 10 present the spectral line profile of Fe XXIV (192.03 A˚) from the EIS
Ca XVII 192.85 A˚ window. To obtain reference wavelengths for the EIS spectra, we made reference
measurements in the quieter regions within the FOV, one from on disk and the other from at the
limb (dashed boxes in Figure 7 (a)). Those reference wavelengths are marked with vertical dashed
lines in the spectra shown in Figures 8 and 10.
To identify the flaring temperature of the Fe XXIV 192.03 A˚ spectral line, which is blended with
Fe XI (192.02 A˚) and close to Fe XII (192.39 A˚) and Fe XIV (191.81 A˚), we deconvolved the line
intensities using similar temperature line intensities that are isolated in different wavelength windows.
Figure 7 shows the EIS raster scan at the beginning of the flare. Panel (a) shows the total intensity
image of the Ca XVII 192.85 A˚ window, which includes the wavelengths from 191.67 to 193.08 A˚.
Panels (f)−(h) show the intensity images derived from multiple-Gaussian fits to the spectra in panel
(a) for Fe XII, Fe XIV, and Fe XXIV, respectively. Panels (b)−(d) give the intensity images from
the same ionization states of the iron lines provided in panels (f)−(h), but centered on different
wavelengths (i.e., Fe XII 186.88, Fe XIV 193.75, and Fe XXIV 255.11 A˚). These lines are well isolated
and not blended with other lines. The line intensities emitted from similar temperature plasma would
produce similar intensity images. From the comparison, we could identify the hot flaring component
at the loop-top source, seen only in the Fe XXIV intensity images and not in the other isolated Fe XII
(Figure 7 (b)) and Fe XIV (Figure 7 (c)) intensity images. Also, the footpoints and the bottom legs
of the active region (box A) do not produce detectable emission from Fe XXIV. Therefore, we have
identified Fe XXIV emission in Figures 8 and 10 along the loop structure and measured the Doppler
velocity along the line of sight.
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Figure 7. EIS intensity images from the EIS Ca XVII 192.85 A˚ window at 21:50:44 UT (impulsive phase).
(a) Total intensity image of the EIS Ca XVII 192.85 A˚ window. The white dashed boxes correspond to the
quieter regions used for measuring reference wavelengths. (b)−(d): EIS intensity images centered on the Fe
XII 186.88, Fe XIV 193.75, and Fe XXIV 255.11 A˚ lines derived from the each different wavelength window.
The green boxes indicate the locations corresponding to the spectral line profiles. Panel (e) shows an example
of the spectral line profiles in the EIS Ca XVII 192.85 A˚ window for region A. The line identifications are
marked for each spectral line. The red dotted and black dashed lines indicate the reference wavelength and
fitted line center wavelength of Fe XXIV 192.03 A˚, respectively. The blue dashed vertical lines represent the
reference wavelengths of different spectral lines in the same wavelength window, Fe XIV, Fe XII, Fe XI,
and Ca XVII. (f)−(h): EIS intensity images derived from multiple Gaussian fittings of spectral lines in the
Ca XVII 192.85 A˚ window for Fe XII 192.39, Fe XIV 191.81, and Fe XXIV 192.03 A˚, respectively.
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Figure 8. EIS spectral profiles from the EIS Ca XVII 192.85 A˚ window at 21:50:44 UT (impulsive phase) for
the locations marked in Figures 2 and 7. The black dashed vertical lines represent the reference wavelength
of Fe XXIV 192.03 A˚. The blue dashed vertical lines correspond to the reference wavelengths of different
spectral lines in the same wavelength window, Fe XIV, Fe XII, Fe XI, and Ca XVII. The red dashed (Fe
XXIV) and green dotted (Fe XIV, Fe XII, Fe XI, and Ca XVII) lines represent the fitted components of
the multiple-Gaussian fitting analysis, respectively. The solid lines represents the fitted total line spectral
profile. The red dotted vertical lines correspond to the center wavelength of the fitted component of Fe
XXIV.
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85
Figure 9. EIS intensity images from the EIS Ca XVII 192.85, Fe XII 186.88, Fe XIV 193.75, and Fe XXIV
255.11 A˚ windows at 21:59:39 UT (gradual phase). The format is the same as Figure 7.
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Figure 10. EIS spectral profiles from the EIS Ca XVII 192.85 A˚ window at 21:59:39 UT (gradual phase)
for the locations marked in Figures 2 and 7. The format is the same as Figure 8.
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21:50:44 UT
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Figure 11. Intensity (left) and Doppler velocity maps (middle: blue-shifted, right: red-shifted) of Fe XXIV
192.03 A˚ from the wing and center intensity ratio for impulsive phase (top) and gradual phase (bottom).
3.3.2. Doppler velocity
Figure 8 shows the spectral line profiles of Fe XXIV (192.03 A˚) at the beginning of the flare, and we
find strong redshifts (∼300−500 km s−1) along the loop-top region (locations D and E in Figures 7
and 8). Also several tens of arcseconds below, the small curved loop structure has a weak blue-shifted
emission in Fe XXIV. Figure 11 displays the Fe XXIV 192.03 A˚ line center and wing intensity ratio
images (shifted from the center by 100 km s−1), which imply the blue- and red- shifted emission map.
The first raster (upper panel) observed at the flare start depicts the velocity distribution clearly –
strong red-shift at the loop-top region and weak blue-shift at the curved loop structure. The second
raster (bottom panel) observed at 21:59 UT shows that all of the shifted emission vanishes and the
intensity of the hot plasma component is enhanced.
Due to the projection effect of the limb event, we need to know the 3-D loop trajectory in order to
derive the flow direction along the loop (Section 3.4). We discuss the strongly red-shifted hot plasma
with respect to the 3-D loop configuration in Section 4.1.
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3.3.3. Temperature
To confirm the hot loop-top source and the temperature distribution along the loop, we measured
the temperature using the line ratio from Fe XXIV (255.1 A˚) and Fe XXIII (263.8 A˚) (Hara et al. 2011;
Warren et al. 2018). This ratio provides the plasma temperature in the range of log T = 6.5 − 7.5.
Figure 12 shows each intensity map of those spectral lines (panels (a) and (b)) and the temperature
map determined by the intensity ratio from the raster during the impulsive phase starting at 21:50 UT
(panel (c)). From this analysis, we confirm that the loop-top emission comes from hot plasma having
temperature over 10 MK and up to 22 MK. Panel (d) of Figure 12 shows the temperature distribution
with height in the loop. We estimated the temperature gradient with height in the loop by fitting
the temperature distribution. The resulting gradient shows that the curved loop-top region has the
highest temperature plasma and the temperature increases with height. The plasma above the loop-
top region also shows high temperature plasma above 15 MK, also increasing with height, but lower
in temperature than the loop top region. Between these two structures, the intensities of the two
spectral lines are so weak that we can not measure the temperature.
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Figure 12. Temperature map (panel (c)) from intensity ratio of Fe XXIV 255.1 A˚ (panel (a)) and Fe XXIII
263 A˚ (panel (b)). Panel (d) shows the temperature distribution along the loop height, which is marked by
the white dashed line in panel (c).
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3.3.4. Density
We measured the electron density of the flaring loop region using the density sensitive line pairs of
Fe XII (186.88 A˚) and (192.37 A˚), which has a peak formation temperature of log T = 6.2. Figure 13
shows the density variation with time and location. The measurements along the flaring loop locations
reveal that the density decreases with height and varies in the range of logNe = 8.3 − 10.2. The
temporal variation of the density in the loop-top (regions D and E, Figure 7) indicates that the
observed density at the loop-top is enhanced in the second raster (∼ 1.3 × 109 cm−3) compared to
the first raster of the flare start timing (∼ 0.3× 109 cm−3). The density enhancement measured from
the Fe XII spectra in the second raster implies that the hot plasma density at the loop-top is later
observed in Fe XII after the hot plasma cools down. The densities of the loop footpoint and leg do
not vary significantly. The average loop-top density at 21:59 UT is ∼ 2× 109 cm−3, which is used for
the cooling time calculation in Section 4.2.
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Figure 13. Electron density measurement from the intensity ratio between Fe XII (186.88 A˚) and (192.37 A˚).
The average densities are measured from the same regions (A−F in Figure 7). The dashed lines show
the upper and lower limits of the density measurements, which are calculated from the 1-σ errors on the
intensities.
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3.3.5. Line width
We also checked the variation of the line width in the flaring loop. The observed spectral line width
consists of the thermal and non-thermal broadening combined with instrumental broadening. We
measured the non-thermal broadening by assuming that the instrumental broadening of Hinode/EIS
is ∼ 0.05 − 0.068 A˚ and calculating the thermal broadening from the peak formation temperature
(Young 2011; Brooks & Warren 2016). The non-thermal broadening in EUV and X-ray emission is
usually regarded as a manifestation of unresolved mass motions of the plasma, such as multiple flows,
turbulence, or waves (Dere & Mason 1993; Chae et al. 1998; Hara et al. 2011; Kawate & Imada 2013;
Doschek et al. 2014).
Figure 14 (a) shows the non-thermal velocity map during the flare at the spectral line of Fe XXIV
(192.03 A˚). Strong non-thermal velocity is only observed in the loop-top region. The spatial and
temporal variations of the Fe XXIV and Fe XII non-thermal velocities are provided in panel (b). For
regions A and C (Figure 7), the observed width from Fe XII is less than the sum of the thermal
broadening and instrumental broadening, so the non-thermal velocities cannot be calculated. Also,
Fe XXIV emission does not appear in region A. Figure 14 shows that the non-thermal velocity in
Fe XXIV increases upward along the loop with values ranging from 100−350 km s−1 and is greatest at
the loop-top region. However, the non-thermal velocity from Fe XII ranges from 10−40 km s−1 and
does not vary with height. If magnetic reconnection occurs near the loop-top region, the non-thermal
broadening is possibly caused by turbulent motion or waves due to the reconnection outflows and/or
accelerated electrons (Hamilton & Petrosian 1992; Liu et al. 2008; Susino et al. 2013).
We note that the non-thermal velocity value in our analysis is considerably larger than previous
studies (Doschek et al. 2014; Susino et al. 2013). However, there have been several current sheet
studies that have reported similarly large values of non-thermal velocity, ∼ 150− 350 km s−1 (Harra
et al. 2001; Cirtain et al. 2013; Li et al. 2018b). Moreover, MHD simulations performed by Gordovskyy
et al. (2016) suggest that the higher temperature plasma may produce larger non-thermal velocities.
Specifically, ∼ 200 − 400 km s−1 of non-thermal velocity enhancement is expected near 10−20 MK
plasma due to the correlation between the flow velocities, velocity dispersions, and temperatures.
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Figure 14. (a) Non-thermal velocity map at the spectral line of Fe XXIV 192.03 A˚ during the impulsive
phase (21:50 UT). The boxes indicate the same location of the boxes in Figures 2 and 7. (b) The non-thermal
velocities derived from the Fe XXIV (asterisk) and Fe XII (diamond) spectral lines for each box locations
in panel (a).
Our highest measured non-thermal velocities extend up to ∼ 350 km s−1 (the highest value has a
large error bar) and are indeed associated with 10−20 MK plasma. It appears to be caused by the
large Doppler velocity of the loop-top plasma. The superposed multi-loop strands, resulting from the
curved loop structure configuration, may also contribute to the large width.
In addition, enhanced intensity from strong flows can also increase the line width. We examined
the temporal intensity variation along the loops to determine if this enhanced intensity could be
generating misleading line broadening measurements. The results demonstrate that the intensity is
not enhanced along the loop during the impulsive phase. Moreover, the intensity enhancement from
flows (see Figure 6) occurs during the gradual phase, which corresponds to a strong decrease in the
non-thermal velocity. This anti-correlation implies that the enhancement of non-thermal velocity in
the impulsive phases is likely caused directly by strong flows or turbulent motions, rather than a
systematic increase due to intensity enhancement.
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3.4. Stereoscopy
If the flaring loop is located along the plane of the sky, the line of sight velocity of the moving
plasma would be not significant. However, if the loop is tilted from the plane of the sky, the velocity
component of the line of sight would increase with the tilt angle. The observed strongly red-shifted
emission in this flaring loop could be interpreted as strong upflows or downflows along the loop
depending on the angle between the loop and the plane of the sky. If the loop leg tilts away from the
observer, the red-shifted emission would be interpreted as an upflow along the loop. Conversely, if
the loop leg tilts toward the observer, the red-shift would be considered emanating from a downflow.
We do not know the loop orientation because it is projected at the limb, and the tilt angle of the loop
will determine the direction of flows (i.e., upflow or downflow). Therefore, the loop tilt angle and 3-D
direction are critical for removing this degeneracy in the Doppler velocities in order to understand
where the reconnection occurs and how the flows originate.
Taking advantage of the multiple vantage points between the STEREO/EUVI and SDO/AIA
observations, we reconstructed the 3-D path of the flaring loop. Figure 15 shows nearly co-temporal
195 and 304 A˚ images from both EUVI and AIA. The EUVI and AIA images are processed via Multi-
Scale Gaussian Normalization to clearly show the loop path (Morgan & Druckmu¨ller 2014). To trace
the loop, we employ the stereoscopic reconstruction technique, scc measure.pro (Thompson 2009)
to determine the 3-D coordinates of these points in the heliographic system. Using an equipotential
line between two different angle images, points are selected along the jet in the 304 A˚ channel (black
diamond) as well as along the flaring loops in the 193 and 195 A˚ channels (blue and green crosses).
The detailed analysis is available in the Appendix. Using the points along the loop, we determined
an average tilt angle of 51◦ for the plane of the coronal loop with respect to the plane of the solar
equator. The calculated 3-D coordinates are displayed in Figure 16. The panels (a) and (b) display the
constructed loop as seen from Earth and from STEREO-A, respectively. The reconstruction matches
well with the observations. Panel (c) is the view from solar north. We find that the direction of
the hot loop from its eastern foot to the cusp region (green crosses with line) is tilted away from us.
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Figure 15. SDO/AIA and STEREO-A/EUVI images with the loop position identified using the
scc measure.pro mapping routine. (a−d) AIA and EUVI 304 A˚ images at the flare start. The black
diamonds trace the cool jet structure from the 304 A˚ images. The cyan and green crosses depict the trans-
equatorial loop and cusp-shape loop traced from the AIA 193 A˚ and EUVI 195 A˚ images. (e−h) AIA 193 A˚
and EUVI 195 A˚ images during the flare. The blue and red crosses track the flare arcade and the path of
the jet, which is seen in both the AIA 193 A˚ and EUVI 195 A˚ passbands. The solid black lines indicate the
limb location in each of the images. The dashed black lines correspond to the AIA limb location projected
onto the EUVI coordinates.
Thus, from the 3-D construction using STEREO data, we conclude that the observed fast velocity
hot plasma component is due to upflowing material along the loop.
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Figure 16. The 3-D reconstructed loops using the loop traced positions shown in Figure 15. (a) SDO view,
(b) STEREO-A view, and (c) solar north view. The colors and symbols of the traced loops are same as
Figure 15.
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Figure 17. The result of the magnetic field extrapolation using an SDO/HMI vector magnetogram from
three days before the flare. (a) The region of the HMI vector magnetogram used for the input to the magnetic
extrapolation, outlined by the black box. The grey-scaled image in the box is the line of sight component of
the vector magnetogram. The red box centers on the isolated region of positive-polarity. (b) The SDO/AIA
1600 A˚ image shows the sunspot location and flare brigthening at the two ends of the flaring arch. (c) The
extrapolated magnetic fields. Red lines indicate the overlying fields while yellow lines correspond to the
inner reconnecting fields. (d) The Q-map showing the squashing factor values. The red boxes in panels (c)
and (d) mark the jet location.
3.5. Magnetic field extrapolation
We extrapolated the coronal magnetic fields using SDO/HMI vector magnetograms and the NFFF
extrapolation code described in Hu et al. (2010). Since we have used the HMI magnetogram from three
days before the limb flare (from when the active region was in view), the magnetic field configuration
is typically expected to differ from that at the time of the flare. We note from the observed EUV
images, though, that the active region loop configuration does not change much for the next three
days. Thus, we assume that the magnetic configuration also remains mostly unchanged. Then, by
comparing the HMI magnetogram with SDO/AIA 1600 A˚ images carefully, we identified the location
of the jet ejection related to the flare, which is a localized region of positive polarity isolated within
the active region’s globally dominant negative polarity (the red box in Figure 17 (a)).
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The vector field shown in the black rectangle of Figure 17 outlines the cutout used for the extrapo-
lation, with dimensions of 1024× 512 pixels centered at (766.55, -128.63) arcseconds. To reduce the
computational cost, we rescaled the original field and used a 512 × 256 × 256 pixel grid volume in
the x, y, and z directions (panel (c)). The x, y, and z vectors refer to the local Cartesian coordinate
system, which is obtained after the active region has been de-projected and de-rotated to the disk
center. The z-direction is the line of sight, and the transverse field is in the x− y plane.
The average deviation between the observed (Bt) and the extrapolated (bt) transverse field on the
photospheric boundary is indicated by the following metric:
En =
(
M∑
i=1
|Bt,i − bt,i| × |Bt,i|
)
/
(
M∑
i=1
|Bt,i|2
)
(1)
where M = N2, represents the total number of grids points on the transverse plane. In order to
minimize the contribution from the weaker fields, the grid points are weighted with respect to the
strength of the observed transverse field. Since En represents the normalized vector error between
bt and the measured Bt, a perfect correlation will give En = 0. In the present case, the error in the
weighted transverse field corresponds to En = 0.21, which is acceptable for the current analysis.
For further investigation of the magnetic field topology, we look at the regions of strong variation in
the field line connectivity (Demoulin et al. 1996). Such regions, having a high value of the squashing
factor Q, are thought to be the plausible places for magnetic reconnection to occur (Priest & De´moulin
1995). Here, the squashing factor is calculated by following Liu et al. (2016).
The extrapolated magnetic field and the Q map also show that there is an inner loop structure
(yellow color in Figure 17 (c)), and its field line connectivity changes sharply at the location between
the inner loop and surrounding field lines (having high Q values). This configuration implies that
the jet ejection originates from magnetic reconnection in the null region above the isolated region of
positive polarity with the fan-spine magnetic topology. In addition, we observe a remote brightening
at the surface in the AIA 1600 A˚ images concurrent with the jet and flare brightening (Figure 2).
The location of the other loop footpoint from the extrapolated magnetic field corresponds to this
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remote brightening location, which confirms that the extrapolated field is consistent with the EUV
observation.
Figure 18 shows zoomed-in images of the extrapolated field lines and Q map for the jet reconnection
region (panel (a): top view; panel (b): side view). The field lines and the circular bottom boundary
of contours of high log Q value in the jet base suggest that this region has a fan-spine structure.
Panel (c) is an extracted view of the jet-base on the x− z plane showing where the highest Q value
is observed. The small, narrow (purple) region having the highest Q value is the most plausible
reconnecting null point between the erupting field and the magnetic fan arch.
To understand the connectivity with the trans-equatorial loop that appears to be connected to the
loop-top region, we take a magnetogram cutout from January 11 at 23:00 UT with dimensions of
1000×1200 pixels centered at (774.8, 23.25) arcseconds (Figure 19 (a)). This extraction was rescaled
to a 256× 300× 300 pixel grid volume in the x, y, and z directions. In this case, we get En = 0.3.
Figure 19 shows the extrapolated magnetic field (lower resolution) and the Q map for the flaring
active region and the active region at the north end of the trans-equatorial loop. From the AIA
94 A˚ image, we can see the cusp shape of the flaring loop top region and the trans-equatorial loop,
which appears to be connected with the two loop systems. Our extrapolated magnetic field shows
that those two loop bundles are close to each other, and that the top of the fan loop could be seen
as the observed cusp shape at the limb. Furthermore, the cusp-shape region also has high Q value,
implying that this location is also a plausible place for magnetic reconnection.
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Figure 18. Enlarged images of the extrapolated field lines and Q map for the inner reconnecting field
(yellow field lines from Figure 17). (a) Top view. (b) Side view. The colored bottom boundary shows
contours of high value of log Q. (c) Extracted view of the fan-spine structure on the x− z plane. The purple
arrow points to the null point structure having high value of log Q (small colored contour).
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Figure 19. The result of the NFFF extrapolation using the SDO/HMI vector magnetogram with a large
FOV including a trans-equatorial loop. (a) The region of the HMI vector magnetogram used for the input
to the magnetic field extrapolation, outlined by the black box. The red box centers on the isolated region
of positive-polarity at the jet location. (b) The SDO/AIA 94 A˚ image shows the hot flaring loop and trans-
equatorial loop. (c) The extrapolated magnetic fields. There are two adjacent loop systems. Green and
red lines correspond to the inner and overlying loop field lines in Figure 17. The blue lines are the trans-
equatorial loop field lines. (d) The Q-map showing the squashing factor values. The red and black dashed
boxes in panels (c) and (d) indicate the jet location and the cusp loop top region, respectively.
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4. DISCUSSION
The limb flare we have explored shows the hot cusp structure in the corona, which is the typical
feature in the standard eruptive flare model. We searched for a CME associated with this flare
eruption to determine whether it was eruptive or confined. While a partial halo CME occurred near
the time of this flare, there was also an eruptive flare located on the backside disk center that was
observed by STEREO-A/EUVI. Considering the large angular width and direction of the eruption,
the CME was most likely caused by the backside flare event. Therefore, the limb flare eruption that
we have investigated is confined by the overlying magnetic-fan-shaped loop as seen in Figures 17
and 19. Both eruptive and confined flare characteristics of this limb flare have also been reported
by Hernandez-Perez et al. (2019). Considering the flare plasma properties that we have presented
combined with an extrapolated magnetic field configuration, we discuss how the flare is formed and
how it could produce the hot X-ray cusp with strong upflow.
4.1. Upflows in the hot cusp-shape loop-top: Reconnection outflows? or evaporation flows?
Using multi-wavelength observations of the limb flare from two unique vantage points, we find a
hot cusp-shaped structure at the fan loop/arch apex exhibiting strong upflows during the impulsive
phase. Strong plasma flow during flares is typical and is often interpreted as a response of the plasma
to energy release and heating. One possible flow source is reconnection outflow (i.e., bidirectional
flows originating from the reconnection point traveling near the Alfve´n speed) (Wang et al. 2007;
Tian et al. 2014). Another possibility is evaporation flow, which is heated plasma ejected from the
chromosphere due to energy injection from accelerated particles (Milligan & Dennis 2009; Polito et al.
2016b; Lee et al. 2017).
To understand whether the flow to the loop-top region is reconnection outflow or evaporation flow,
we must consider the temperature dependence of the flow velocity. If the flows were due to evapora-
tion, which is the result of a pressure difference due to heating, their speeds would be dependent on
temperature and would be comparable to the sound speed. The measured temperature in Figure 12
suggests that evaporation flows would be ∼ 370 − 550 km s−1 for temperatures of 10−22 MK, and
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the velocity would increase with temperature. The speeds calculated from the Hinode/EIS Doppler
velocity measurements combined with the derived loop tilt angle from STEREO-A observations show
that the de-projected observed velocities are consistent with the the evaporation flow scenario.
For the upflows to be reconnection outflows, the reconnection region needs to be located below the
cusp region. The temperature measurements along the loop indicate that the hottest region is the
curved loop structure (region C in Figure 2), just below the upflowing plasma. The spectral line
profile at the curved loop shows that this hot plasma has blue- and red-shifted bidirectional flows.
Assuming a coronal magnetic field strength of 30 G (Nakariakov & Ofman 2001; Van Doorsselaere
et al. 2008; Jess et al. 2016), the Alfve´n speed would be about ∼ 1000−3000 km s−1 for the measured
density of ∼ 109 − 1010 cm−3. The observed velocity is slower than the expected Alfve´n speed.
4.2. Cooling process after the impulsive heating in the flare
Our targeted flare for this study is impulsive with a duration of only ∼5 minutes in the GOES SXR
light curve. This impulsive heating is in contrast to long duration events in which the decay phase
has continued heating for many hours (Reeves & Warren 2002; Warren 2006; Savage et al. 2012) or a
second phase of robust heating (Qiu & Longcope 2016; Zhu et al. 2018). For this impulsive flare case,
we expect for the theoretical models of loop cooling timescales to be consistent with the observed
cooling times. We test this hypothesis by comparing the theoretical cooling times with the observed
temporal evolution.
We calculated the conductive (τC) and radiative (τR) cooling timescales for the flaring loop (Cargill
et al. 1995; Bradshaw & Cargill 2010), using:
τC =
2nkbL
2
(γ − 1)κ0T 5/2 and τR =
2kbT
1−α
(γ − 1)χn (2)
where kb is Boltzmann constant, κ0 is the coefficient of thermal conduction, and γ =
5
3
. The optically
thin radiative loss function of R = n2χTα is referred from equation (3) in Klimchuk et al. (2008).
Using the half-length of the loop from the magnetic field extrapolation (L = 0.9× 105 km) plus the
measured density (n = 2 × 109 cm−3) and temperature (T ∼ 22 MK at the loop top) from the EIS
observations, the calculated conductive and radiative cooling timescales for the flare plasma at the
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Figure 20. Temporal evolution of temperature estimated from the theoretical conductive cooling mod-
els.Dashed and solid lines correspond to the static and evaporative cooling case, respectively. Diamond and
triangle symbols are the observed peak time delays from the different instrument and wavelength channels
using their peak response temperatures for regions C and D in Figure 2 (see Table 2). The error bars indicate
the half width of the temperature peak of the response functions for each channel. The grey area indicates
the jet flare duration from the GOES SXR light curve in Figure 1.
loop-top are approximately 38 s and 180000 s, respectively. The conductive cooling is dominant in
this flare loop due to its high temperature and low density. Then, we fitted the temporal evolution
of the temperature using the conductive cooling model for static and evaporative cooling (equations
(3a) and (3b) from Cargill et al. (1995)). These fits are provided in Figure 20.
The observed temporal evolution of temperature in the flare plasma is measured from the GOES,
XRT, and AIA light curves (Figures 1 and 5). These emission profiles reveal that the intensity peak
has a delay from hotter temperature channels to cooler ones. Table 2 gives the peak times of the
intensity for the near loop-top regions (C and D in Figure 5) per channel. The time delays relative
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to the GOES SXR emission and the peak response temperature of the high temperature channels
are also provided in the table. We overlaid the observed evolution of cooling plasma (triangle and
diamond symbols) in Figure 20. The peak temperature of each channel is determined from its
dominant spectral lines (O’Dwyer et al. 2010, 2014). We also plotted the temperature range using
the half width of the peak temperature response function as an error bar since the channels are
composed of more than one line and the response function is broad.
Overall, taking into account the broad temperature response function, the observed temperature
evolution is consistent with the conductive cooling curve for the evaporation (solid line) rather than
the static (dashed line) case. The observed evolution of the temperature in the flaring loop arcade
(region C) agrees well with the model. This result implies that there was insignificant additional
heating of the flaring fan loop after the impulsive energy input from the jet. Moreover, it indicates
that this flaring loop cooled down by conduction with evaporation.
However, the cusp (region D) experiences a time delay in the cooling curve of ∼15 min for the
emission from the AIA 94 and 131 A˚ channels (7−11 MK). There could be several reasons for the
observed longer cooling time for the flare cusp. First, continued reconnection of substrands of the
fan loop could extend the cooling time (Reeves & Warren 2002; Warren 2006). But in this scenario,
we also expect a longer cooling time in region C since it is also part of the flaring fan loop. Second,
there might be a prolonged heating from secondary reconnection at the cusp region after the initial
impulsive phase (Qiu & Longcope 2016; Zhu et al. 2018). Hernandez-Perez et al. (2019) studied the
same flare and proposed that there would be slow local reconnection near the kinked loop apex due
to the increase of the thermal pressure by continuous plasma upflows. The grey area in Figure 20
shows the GOES flare duration when the jet ejection appeared. The impulsive heating from the jet
contributes to the GOES SXR spike and the creation of the hot plasma (> 10 MK). The additional
heating process would be responsible for the declining phase of the flare SXR flux seen by GOES and
the delayed intensity peaks of the AIA 131 and 94 A˚ light curves from the cusp region.
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4.3. Magnetic-fan flaring arch: Relation between the magnetic topology, cool jet ejection, X-ray hot
outflow, and remote footpoint brightening
The extrapolated magnetic fields and their connectivity show that there are two possible places
where magnetic reconnection might take place. One is near the cool jet ejection site where footpoint
brightening is observed (Figure 17). The other is the cusp region above the loop-top where the two
loop systems are in contact (Figure 19). Reconnection at either of these locations could plausibly
convert sufficient amounts of magnetic energy into thermal and kinetic energies to produce this flare.
If we consider that the higher coronal magnetic reconnection at the cusp region produces the
flare, as prescribed by the standard eruptive flare model, the observed non-thermal velocity and
temperature measurements are consistent with the model expectation (Doschek et al. 2014). Also,
the hot and upflowing plasma in the cusp region can be interpreted as the newly formed current
sheet or evaporation flows by injection of energy from the reconnection. However, if there is such
continuous reconnection above the loop-top, we expect HXR emission at the loop-top region. No
HXR emission was observed at the loop-top when the flare starts, and the observed cooling time
implies that the flaring loop was impulsively heated with no evidence for continued heating. We note
that the loop cusp experiences a longer cooling time for 7−11 MK plasma in the decay phase of the
flare, but this process requires an additional heating mechanism separate from that of the impulsive
phase, perhaps by secondary reconnection at the cusp.
Another possibility supported by all of these observations is that the external reconnection of the
blowout jet (i.e., external (interchange) reconnection taking place at the jet eruption region) energized
this flare. The cool jet ejection in the AIA 304 and 1600 A˚ images and the enhanced RHESSI HXR
emission at the flaring loop footpoint at the base of the jet support this scenario. If we consider
that the external reconnection produced the jet spire and heated the flare plasma, the HXR emission
should only be observed at the footpoint, not the loop-top region, which is consistent with our
observation. Following from this hypothesis, the observed temperature and velocity structure above
the loop-top region would be interpreted as the evaporation flow and outflows driven by the lower
atmospheric reconnection. The SXR emission enhancement at the flare loop-top can also be explained
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as the increased density from the evaporated plasma that results from the accelerated particles driven
from the chromosphere by the jet reconnection.
A comprehensive set of observed features consists of the following: 1) primary footpoint brightening
with HXR emission, 2) lack of HXR emission at the loop-top, 3) upflowing hot plasma along the
loop-top, 4) enhancement of the loop-top SXR emission after the footpoint brightening, 5) short
duration of the event in the GOES SXR light curve, and 6) the magnetic topology characterized by
an overlying magnetic-fan loop system. We infer from this feature set that this flare is an example
of a flaring arch (Martin & Svestka 1988; Svestka et al. 1989; Fontenla et al. 1991; Hanaoka 1997;
Moore et al. 1999; Moore & Sterling 2007) that is energized by external reconnection associated with
an underlying blowout jet eruption. Flaring arches have been reported as a particular component
of some flares Martin & Svestka (1988); Svestka et al. (1989); Fontenla et al. (1991). This class of
events has chromospheric elements at one foot of a coronal flare loop with traversing X-ray and Hα
emission. The hot plasma in flare arches is confined in the body of the magnetic-fan arch structure,
and the accelerated electrons and hot X-ray emission propagate through the arch from its explosive
foot.
Figure 21 provides a schematic cartoon of the blowout jet and the magnetic-fan arch model for
this flare. Panel (a) depicts the onset of the external reconnection between the erupting jet-base and
extended magnetic-fan arch. The strong brightening at the fan-spine loop footpoint (see Figure 2
(a−f) and its animation, and Figure 18), results from that external reconnection. The blowout jet
is observed as a cool plasma ejection in the AIA 304 A˚ images. Even though we do not see the sites
of the internal and external reconnection directly due to image saturation, we propose that the jet-
productive field eruption is a mini-filament eruption. Sterling et al. (2015, 2016, 2017) have proposed
mini-filaments as the typical instigating component of blowout jet eruptions. The cool jet plasma
(0.05 MK) and the chromospheric brightening at the base of the erupting field in the AIA 1600 A˚
images (refer to Figure 2 (b−d) of Hernandez-Perez et al. (2019) and its animation) just before the
jet eruption are manifestations similar to those of jet-productive mini-filament eruptions in active
regions (Sterling et al. 2017). Panel (b) depicts the magnetic fields after the external reconnection
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(b)(a)
Figure 21. Schematic cartoon of the blowout-jet and the magnetic-fan flare arch model for this flare. The
star symbols mark the magnetic reconnection sites. The blue and red lines correspond to the magnetic field
configuration. Panel (a) depicts the topology and reconnection of the magnetic field in the eruption that
makes the jet and heats the magnetic-fan flaring arch by driving external reconnection of the erupting field
with field in the leg of the fan. Panel (b) depicts how the external reconnection expels accelerated electrons
and heated plasma (red arrow) along the reconnected field of the magnetic-fan arch (red field lines). The
chromospheric evaporation component is not shown. The green colored area corresponds to the remote
brightening (the flare ribbon in AIA 1600 A˚ channel) at the other foot of the flaring loop/arch.
(observed as the low-lying flare arcade and extended flaring arch). The arrow represents the heated
plasma upflows and accelerated electrons that fill the magnetic arch. The cusp is filled with hot
plasma observed at Fe XXIV.
This scenario explains the impulsive behavior of this flare and lack of HXR emission at the loop
top region. Previously, Moore & Sterling (2007) suggested a related magnetic-arch-blowout scenario
for a narrow streamer puff CME. Our observation would be the specific case in which the magnetic
arch field lines are strong enough that the eruption remains confined.
We note that there is a remote brightening at the other foot of the flaring loop in the AIA 1600 A˚
channel, seen as a remote flare ribbon (Figure 2’s animation and Figure 17 (b)). One of the obser-
vational characteristics of the flaring arch is a secondary remote brightening due to the propagation
of the accelerated electrons and hot plasma along the arch. We estimated the propagation speed
of the energy injection from the jet footpoint brightening to the remote brightening. The time dif-
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ference between the two brightenings is measured from the AIA 1600 and 304 A˚ intensity images
with cadences of 24 s and 12 s, respectively. Loop distance between the reconnection brightening and
remote brightening is calculated using the extrapolated magnetic field and the distance between the
two footpoints from the AIA 1600 A˚ image. The measured time difference is 12 seconds, which is
the AIA temporal resolution limit. The distance along the extrapolated magnetic loop structure is
∼ 1.8× 105 km. The resulting estimated propagation speed is ∼ 1.5× 104 km s−1, which is ∼15 times
the Alfve´n velocity. Similar observational features were reported by Tang & Moore (1982). They
showed large flares that had remote Hα bright patches with type III reverse slope bursts. They in-
terpreted the Hα patches as chromospheric heating signatures caused by the accelerated non-thermal
electrons propagating from the flare-reconnection end of the closed loop. Their estimated traveling
velocity was ∼ 105 km s−1, much faster than the Alfve´n speed. The observed speed in our flaring
arch also implies that accelerated electrons from the jet reconnection region impacted and heated the
other footpoint of the magnetic fan.
5. SUMMARY & CONCLUSION
We have comprehensively investigated an M1.3 flare at the limb by combining multi-wavelength
imaging and spectroscopic observations. We focused on three things from the observed results: (1)
What is the cause of the hot plasma flow motions, such as evaporation or reconnection; (2) Are
the observed temperature and density variations consistent with a flare heating model?; and (3)
Considering the observed spectroscopic results with the extrapolated magnetic field configuration
and coronal loop morphology, how is the flare formed and the hot X-ray flare arch heated?
First, the observed temperature-dependent upflow and HXR observations imply that the fast up-
flows are due to evaporation and outflow from the reconnection in the jet end of the flaring arch.
Second, the temporal evolution of the multi-thermal plasma and the density variation are consistent
with the evaporative cooling model, and subsequently, the cooling process after the brief impulsive
phase of the flare is consistent with nearly all of the heating occurring in the impulsive phase. Then,
combining the configuration and global structure of the flaring loop with observed plasma dynamics
and properties, we conclude that the flare and hot loop-top source could be formed by the external
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reconnection of the jet-productive erupting field (Sterling et al. 2015, 2016, 2017). Finally, the accel-
erated electrons and the evaporated hot plasma produce the remote flare brightening and hot flaring
arch (cusp structure) via upflows.
Still, reconnection at the cusp region remains a possibility, evidenced by the strong non-thermal
velocity at the edge of the cusp and the high squashing factor. However, the delayed appearance of
the SXR source at the loop-top region and the impulsive nature of the GOES flare light curves are
inconsistent with continuous reconnection occurring at a current sheet formed at the cusp region.
Also, we observed pre-existing hot loop/arch structure before the flare onset (Figure 4 (a−e)), which
confirms that most of the overlying magnetic-fan arch structure was not formed during the flare by
current sheet formation processes higher in the corona.
Therefore, we propose that the flare was energized by external reconnection associated with the jet
eruption at the base of the magnetic fan (see Figure 21 for a schematic representation). Panel (a)
depicts the primary (jet-inducing) and secondary (external) reconnection sites, and panel (b) depicts
the hot upflows (red arrow) along the magnetic-fan flaring arch (red field lines). The arch system
is observed as a hot, cusp-shaped loop due to the projection on the limb. The propagation of the
accelerated electrons and hot plasma along the arch produces the secondary remote brightening at
the other foot of the flaring loop/arch (green colored region).
Our study presents a well-observed example of a flaring arch including quantitative spectroscopic
observations at the limb. The suite of observations indicate that the hot plasma in the flaring arch
results from low atmospheric reconnection accompanying a jet ejection, instead of from reconnection
above the arch as expected in the standard flare model. That is, the external reconnection below the
arch induced by the jet eruption likely energized this M-class flare, not higher coronal reconnection
above the loop/arch apex. In addition, the comparison between the cooling models (Cargill et al.
1995) and our observations yields important implications for flare models. For example, the cooling
model that we used does not take into account turbulent suppression of conduction (Bian et al.
2016; Bradshaw et al. 2019), yet the model results are consistent with the observed cooling. This
concordance implies that turbulent suppression is relatively weak, at least for this flare. Moreover,
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in agreement with Hernandez-Perez et al. (2019), the comparison of the cooling time in a different
loop region shows that there can be a second, more prolonged heating period during a flare, as the
longer cooling time in the loop/arch apex is possibly explained by slow reconnection occurring in the
cusp region after the initial impulsive phase.
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APPENDIX
If (r, θ, φ) denote the distance, latitude, and longitude of a point in the heliographic system, then the
corresponding Cartesian coordinates, (x, y, z), are obtained using the following conversion formulae.
We adopt the Cartesian system wherein x is along solar west, y is along solar north,and z is pointing
towards the Earth.
x = r cos θ sinφ
y = r sin θ
z = r cos θ cosφ (1)
Assuming that the loop lies in a single plane, the tilt angle of the loop would be the angle between
this plane and the solar equatorial plane. Since we need any three (non-linear) points to determine
a plane, in order to determine the tilt angle we select all possible combinations of three points from
the selected available points along the loop.
If P (xp, yp, zp), Q (xq, yq, zq) and R (xr, yr, zr) are the three points along the loop, then the normal
to the loop plane, denoted by η1 (=
−→
PQ×−→PR), is given by,
η1 = ((yq − yp)(zr − zp)− (zq − zp)(yr − yp)) eˆx +
((zq − zp)(xr − xp)− (xq − xp)(zr − zp)) eˆy +
((xq − xp)(yr − yp)− (yq − yp)(xr − xp)) eˆz (2)
where, eˆx, eˆy and eˆz are the unit vectors along x, y and z axes in the Cartesian system. Similarly,
the normal to the solar equatorial plane, denoted by η2, is given by η2 = eˆy.
Given the normal vectors of two planes, the angle between them, denoted by ξ, is:
ξ = cos−1
( | A1A2 +B1B2 + C1C2 |√
A21 +B
2
1 + C
2
1
√
A22 +B
2
2 + C
2
2
)
(3)
where, (A1, B1, C1) are respectively the (x, y, z) components of η1, and (A2, B2, C2) are those for η2.
In the special case of solar equator, A2 = C2 = 0 and B2 = 1.
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We selected the flaring loop/arch and the jet positions from the two different view points of AIA
and EUVI-A images. Then, we calculated an average tilt angle as 51◦ of the coronal loop with respect
to the solar equator from the possible combinations among the positions.
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